INTRODUCTION
The processing of viral proteins by virally encoded proteases is of key importance in the maturation of many viruses (Kraeusslich and Wimmer, 1988; Palmenberg, 1990; Lawson and Semler, 1990 ). Hence these enzymes are possible targets for antiviral agents (Korant, 1990) . Poliovirus is the most extensively studied member of the clinically and economically important Picornaviridae. Replication of poliovirus is controlled by a series of proteolytic cleavages of a large precursor polyprotein. The proteolytic processing is accomplished by two viral gene products, proteases 2A and 3C (Hanecak et al., 1982; Toyoda et al., 1986) . Most of the cleavages are catalysed by protease 3C, which contains 183 amino-acid residues and exhibits specificity for the Gln-Gly bond. The enzyme is a cysteine protease, but its relationship to the well-known papain family is unclear, and no physical studies have been reported to date. Its activity can be determined with synthetic oligopeptides and target virus proteins by using h.p.l.c. techniques and SDS/PAGE respectively.
It has previously been shown that some Escherichia coli systems produced a truncated polypeptide chain, in addition to the normal gene product protease 3C or protease 3C elongated by 25 amino-acid residues at the C-terminus (Hanecak et al., 1984; Ivanoff et al., 1986; Korant and Towatari, 1986; Sablina and Antonov, 1991) . The smaller molecule was an internal initiation product beginning at the methionine residue at position 27. The present paper shows that the absence of the N-terminal portion of protease 3C substantially affects the physical properties of the molecule, and this renders it possible to separate readily the mature and truncated forms. Furthermore, a simple spectrofluorimetric method has also been devised for characterization of the kinetic properties of the renatured protease 3C. cipitated from the diluted solution with ammonium sulphate. By extracting the precipitate with a buffer solution, the full-length enzyme could be completely separated from its N-terminally truncated form. Size-exclusion chromatography of the extracted protease 3C resulted in an active enzyme which appeared homogeneous by SDS/PAGE. For measuring the activity of the protease, a spectrofluorimetric method was devised to monitor the hydrolysis continuously, which is simpler and more precise than the h.p.l.c. technique used previously.
MATERIALS AND METHODS
Restriction endonucleases and T4 ligase were obtained from Amersham International. A Superose 12 column was purchased from Pharmacia.
General methods
Plasmids were isolated by the modified boiling method (Del Sal et al., 1988) and the bacteria were transformed as described (Hanahan, 1983) . DNA fragments were separated by agarose gel electrophoresis and purified with a Geneclean kit as recommended by the manufacturer (Bio 101 Inc.). N-terminal aminoacid sequencing was carried out with a gas-phase automatic sequencer (type ABI 450).
SDS/PAGE was performed on 15 % (w/v) slab gels (1 mm x 150 mm x 100 mm) using the discontinuous buffer system (Laemmli, 1970) . Gels were stained for 2 h in 0.05 % (w/v) Coomassie Brilliant Blue R250 in methanol/acetic acid/water (5:1:4, by vol.), and destaining was carried out in methanol/ acetic acid/water (1: 1: 8, by vol.).
Western blotting was performed according to Towlin et al. (1979) . The antiserum was raised against truncated protease 3C isolated from an SDS/polyacrylamide gel.
Bacterial strain and plasmids E. coli JM109 was used to express poliovirus protease 3C. For constructing the expression vector the following two plasmids were employed. (1) pExc derived from pBR322 by insertion of a tryptophan promoter and a Shine-Dalgarno sequence (Ivanoff et al., 1986 has a Gly-184 to stop mutation (Ivanoff et al., 1986) . (2) pI/23-ATG, a derivative of pBR322 containing a ribosomal rrnBP2 promoter combined with a lac operator sequence, portions of 16S rRNA and 23S rRNA (6383-6617) coding sequences as translational stabilizers, and the rrnB TI and T2 terminator sequences (Boros et al., 1986) .
Construction of pSD/PVC3
The protease gene from the less effective pExc construction was inserted into the plasmid pVI/23-ATG which has a stronger, easily inducible promoter. To this end the plasmid pVI/23-ATG was digested with PvuII and Hindlll, and the large fragment of the vector was isolated. A synthetic linker containing an effective Shine-Dalgarno sequence (see Figure 1) 
Renaturation
Inclusion bodies (500 mg) were dissolved in 10 ml of 50 mM phosphate buffer, pH 7.5, containing 10 mM DTE, 10 mM EDTA and 6 M guanidinium chloride. Because guanidinium chloride acidifies the medium, the pH of the buffer was adjusted to a pH value of 7.5 with about 200 ,1 of 1 M NaOH. After a 15 min incubation at room temperature, the opalescent solution was centrifuged at 12500 g for 5 min. The clear supernatant (total absorbance value of 120 when measured at 280 nm in 0.1 M NaOH) was diluted 10-fold at room temperature with 50 mM phosphate buffer, pH 8.0, containing 5 mM Na2SO3 and 5 mM EDTA. The insoluble material generated on dilution was removed by centrifugation at 15000 g for 20 min at 4 'C.
Precipitation and extraction
The renatured enzyme obtained in the preceding step (total absorbance value of 48 at 280 nm) was precipitated by the addition of 0.55 g of ammonium sulphate to 1.0 ml of solution.
After standing at 4 'C for 60 min, the precipitate was collected by centrifugation (12 500 g, 5 min) and extracted with 8 ml of 50 mM phosphate buffer, pH 7.0, containing 5 mM DTE and 5 mM EDTA. The enzyme was concentrated by ultrafiltration (total absorbance of 7.5 at 280 nm) and stored in the presence of 100% (v/v) glycerol at -80 'C or purified further with gel chromatography.
F.p.l.c. analysis
A sample (200 ,ul) of the solution described above (total absorbance value of 3) was applied to a Superose 12 column equilibrated with 50 mM phosphate buffer, pH 6.8, containing 10 mM cysteine, 5 mM EDTA and 10 % (v/v) glycerol. The flow rate was 0.4 ml/min and the active protein peak eluted at 35.5 min. It was concentrated on an Amicon PM-10 membrane and stored at -80°C.
Synthesis of substrate
The fluorogenic substrate NBz-Nle-Nle-Nle-Glu-Ala-Leu-PheGln*Gly-Pro-Phe(NO2)-OH (* represents a scissile bond) was prepared by solid-phase synthesis on aminomethylated polystyrene derivatized with 4-(hydroxymethyl)phenoxyacetic acid. The coupling steps were performed by prepared 1-hydroxybenzotriazole esters of fluoren-9-ylmethyloxycarbonyl (Fmoc) amino-acid residues prepared in situ. Boc-NBz-OSu was used to introduce the NBz group. The crude product obtained by trifluoroacetic acid treatment of peptide-resin was dissolved in hot acetic acid. The NBz-peptide precipitated on cooling was shown to be homogenous by h.p.l.c. and gave the correct aminoacid analysis.
Determination of activity The activity of protease 3C was measured spectrofluorimetrically by using our oligopeptide substrate. A 5-fold dilution of the substrate (2 mg/ml in dimethylformamide) with 50 mM phosphate buffer, pH 6. SDS/PAGE showed that the new construction produced two polypeptide chains; this is in agreement with previous observations (Hanecak et al., 1984; Ivanoff et al., 1986; Korant and Towatari, 1986; Sablina and Antonov, 1991 Before the N-terminal-sequence analysis ofthe two polypeptide chains, the inclusion bodies were partially purified by washing with 1 M urea and 70 % (v/v) ethanol. N-terminal sequencing of this product showed that the two proteins represented the fulllength protease and its internal initiation product starting with Met-27 respectively. Based on the sequencing data, the molar ratio of the complete protease 3C and the truncated form was about 1:10. Amounts of amino-acid residues originating from contaminating proteins in the inclusion bodies were not significant.
Apparently, the translational efficiency of the internal ribosome binding site in the mRNA (AAGGGAGAGUUCACUAUG) is much higher than the one (AAGGAGAUAAGCUUAUG) synthesized to regulate the production of the full-length protease (see Figure 1) , despite the fact that the latter was designed as an optimal E. coli ribosomal binding site (Min et al., 1988) . The ratio found for the two gene products, in addition to the relative affinity of the two ribosome binding sites to the 3'-end of E. coli 16 rRNA, may be strongly dependent on the expression system itself. While proteins expressed in a soluble form probably undergo rapid and differential proteolytic degradation in the cytoplasm (cf. Ivanoffet al., 1986) , the formation of inclusion bodies prevents such degradation (Mitraki and King, 1989) .
Isolation of protease 3C
Pure protease 3C has been isolated in only a few cases. According to one approach the folded enzyme was isolated from the cell lysate with a rather low yield (Nicklin et al., 1988) . The other approach used inclusion bodies dissolved in 8 M urea and dialysed against a buffer lacking urea (Baum et al., 1991) . We have found that during dialysis some of the truncated polypeptide chains precipitated, resulting in an increased proportion of the full-length enzyme in solution. The partial precipitation might be due to the less efficient folding of the truncated polypeptide compared with the full-length enzyme. When the inclusion bodies were dissolved in 8 M urea or 6 M guanidinium chloride, and diluted rather than dialysed, only the full-length protease could be extracted from the ammonium sulphate precipitate (Figure 2 ). This method has the additional advantage of being simpler and faster than dialysis. It should be noted that despite the unfavourable ratio of mature to truncated enzymes produced by the present construction a considerable quantity of protease 3C was obtained (2.5 mg from 500 mg of inclusion bodies or 9-10 mg from 1 litre of growth medium), because of the high level of production of the recombinant proteins.
The final purification step was performed by chromatography on a Superose 12 column. Most of the impurities (peak A of Figure 3 ) eluted before protease 3C. Peak A contained a variety of proteins (Figure 2) , those of small relative molecular masses were presumably in aggregates. The broad peak A was immediately followed by the sharp peak B, indicating the elution of a homogeneous protein of about Mr 25000. The homogeneity was confirmed by SDS/PAGE (Figure 2 ).
Activity of protease 3C
The catalytic activity of the viral protease is usually measured with natural protein substrates by detecting the cleavage products by SDS/PAGE. Quantitative results can be obtained by using synthetic peptide substrates and by determining the reaction products of h.p.l.c. For such measurements peptides containing [12] [13] [14] [15] [16] residues are generally used. These are composed of aminoacid residues flanking poliovirus cleavage junctions (Nicklin et al., 1988; Pallai et al., 1989; Baum et al., 1991) . Clearly, the most desirable assay for precise kinetic measurements monitors the hydrolysis continuously by spectrophotometric or spectrofluorimetric methods. Therefore, we synthesized a peptide derivative of the 2C/3A junction of the poliovirus polyprotein, one of the most susceptible sites for protease 3C (Pallai et al., 1989) . The oligopeptide contained an aminobenzoyl (NBz) (anthranilyl) and a p-nitrophenylalanine [Phe(NO2)] label attached to the Nand C-terminus respectively. A similar intramolecular fluorescence-energy transfer proved to be successful with an oligopeptide substrate for the human immunodeficiency virus protease (Cheng et al., 1990) . When the Gln-Gly bond of the present substrate is hydrolysed, the intramolecular quenching is abolished and the increase in fluorescence can be monitored. The substrate concentration in the assay mixture was higher than Km, so that initial rates were independent of an increase or decrease in the substrate concentration by a factor of 2. The K,m value could not be determined because it was too low to measure under the assay conditions although the substrate concentration (5.3 ,uM) was lower by an order of magnitude than that used with other substrates having the same quenching system (50 ,uM; Cheng et al., 1990) . At 25°C, 1 mg of protease 3C hydrolysed 240 nmol of substrate/ml per min, corresponding to 0.24 i.u. This reaction was completely inhibited when protease 3C was treated with iodoacetamide, an irreversible inhibitor of cysteine enzymes. This indicates that the hydrolysis was indeed performed by the recombinant cysteine protease. The cleavage of the Gln-Gly bond by the enzyme was confirmed by h.p.l.c. which gave a retention time for one of the products identical with that of NH2-Gly-ProPhe(NO2)-OH.
